Prior studies, both in vitro and in vivo, have suggested that cutaneous porphyrin photosensitization requires the generation of superoxide anion (.O2-) and various other reactive oxygen metabolites. No unifying concept has emerged, however, that unequivocally demonstrates the source of generation of these species. Since xanthine oxidase is known to generate .O2-in reperfused ischemic tissue and in certain inflammatory disorders, we attempted to assess its role in porphyrin photosensitization. C3H mice were rendered photosensitive by the intraperitoneal administration of dihematoporphyrin ether (DHE) (5 mg/kg) followed by irradiation with visible light. Murine ear swelling was used as a marker of the acute photosensitization response and involvement of oxygen radicals was evaluated using electron spin resonance (ESR) spectroscopy. The administration of allopurinol, a potent inhibitor of xanthine oxidase, afforded 90% protection against DHEmediated acute photosensitivity in vivo. Furthermore, xanthine oxidase activity was twofold higher in the skin of photosensitized mice than in unirradiated animals. ESR spectra of 5,5dimethyl-1-pyrroline N-oxide-trapped radicals from the skin of photosensitized mice verified the presence of .O2-and .OH, while neither of these species was detected in the skin of control mice or mice receiving allopurinol. The administration of a soybean trypsin inhibitor or verapamil before irradiation also partially blocked the photosensitivity response, suggesting that calcium-dependent proteases play a role in the activation of xanthine oxidase in this […] Abstract Prior studies, both in vitro and in vivo, have suggested that cutaneous porphyrin photosensitization requires the generation of superoxide anion 2O-) and various other reactive oxygen metabolites. No unifying concept has emerged, however, that unequivocally demonstrates the source of generation of these species. Since xanthine oxidase is known to generate *02 in reperfused ischemic tissue and in certain inflammatory disorders, we attempted to assess its role in porphyrin photosensitization. C3H mice were rendered photosensitive by the intraperitoneal administration of dihematoporphyrin ether (DHE) (5 mg/kg) followed by irradiation with visible light. Murine ear swelling was used as a marker of the acute photosensitization response and involvement of oxygen radicals was evaluated using electron spin resonance (ESR) spectroscopy. The administration of allopurinol, a potent inhibitor of xanthine oxidase, afforded 90% protection against DHE-mediated acute photosensitivity in vivo. Furthermore, xanthine oxidase activity was twofold higher in the skin of photosensitized mice than in unirradiated animals. ESR spectra of 5,5-dimethyl-1pyrroline N-oxide-trapped radicals from the skin of photosensitized mice verified the presence of O2 and 'OH, while neither of these species was detected in the skin of control mice or mice receiving allopurinol. The administration of a soybean trypsin inhibitor or verapamil before irradiation also partially blocked the photosensitivity response, suggesting that calcium-dependent proteases play a role in the activation of xanthine oxidase in this photodynamic process. These data provide in vivo evidence for the involvement of O0 in DHE-mediated cutaneous photosensitization and suggest that these radicals are generated through the activation of the xanthine oxidase pathway. The administration of allopurinol and calcium channel blockers may thus offer new approaches for the treatment of cutaneous porphyrin photosensitization.
Introduction
Skin photosensitization is a major manifestation of some forms of human porphyria and is also a major drawback that Dr. Athar is on leave from the Industrial Toxicology Research Centre, Lucknow, India.
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Receivedfor publication 23 June 1988 and in revisedform 14 October 1988. limits the widespread use of porphyrins in the photodynamic therapy (PDT),' a unique modality for the diagnosis and management of various malignant neoplasms (1, 2) . The porphyrins most widely used for PDT are hematoporphyrin derivative (HPD), also known as Photofrin-I, and its active tumorlocalizing component, dihematoporphyrin ether (DHE), also known as Photofrin-II (3, 4) , both of which are complex mixtures of porphyrins and their aggregated ether or ester products. Both DHE and HPD mediate their phototoxic effects through oxygen-mediated membrane damage (5, 6) . Prior in vitro studies have demonstrated the production of both singlet oxygen ('02) and superoxide anion (O-°) in this process (7, 8) .
These radical anions, free radicals, and other oxidants derived from them have also been implicated in the pathogenesis of various inflammatory diseases, ischemic reperfusion injury, and tumor promotion, and in the toxicity of various chemicals such as paraquat (9-1 1).
*°O may also play an important role in the development of acute cutaneous photosensitivity in vivo. We have recently demonstrated that the in vivo acute cutaneous photosensitivity response in mice can be inhibited by pretreating animals with bis (3,5 diisopropyl salicylato)(0,O) copper(II), a SOD mimic. Moreover, we have also found that the photosensitivity response can be augmented by sodium diethyldithiocarbamate, a SOD inhibitor (12) .
The source ofgeneration of reactive oxygen species in cutaneous porphyrin photosensitization in vivo has widely been regarded to be solely the direct photosensitizer-mediated transfer of energy to oxygen (1, 5, 6) . However, enzyme-catalyzed pathways for the reduction of oxygen are a potential alternate source of reactive oxygen intermediates. Using DHE as a model porphyrin, the purpose of the current study was to determine the mechanism by which oxygen intermediates are generated in acute cutaneous porphyrin photosensitization. Our data indicate that O are generated in this process through a calcium-dependent, protease-mediated activation of xanthine oxidase in skin, and thus identify a new mechanism for the generation of reactive oxygen species in hematoporphyrin-mediated photosensitization.
Methods
Chemicals. Soybean trypsin inhibitor (STI), verapamil, allopurinol, 5,5 dimethyl-l-pyrroline N-oxide (DMPO), catalase, SOD, aldehyde dehydrogenase, xanthine, and hypoxanthine were obtained from Sigma Chemical Co., St. Louis, MO. DHE was a generous gift from Photofrin Inc., Raritan, NJ. All other chemicals were purchased in the highest purity commercially available.
Animals. Female C3H mice (6-8 wk old) obtained from the Charles River Breeding Laboratories Inc., Wilmington, MA, were used in this study.
Administration ofphotosensitizers, quenchers, and inhibitors. DHE solution, prepared in the dark at a concentration of 1 mg/ml in normal saline (pH 7.4), was injected intraperitoneally to mice at a dose of 5 mg/kg body wt (13) . After injection with the photosensitizer the mice were kept in light-protected housing except while undergoing irradiation. For studies of the effect of quenchers and inhibitors the animals received subcutaneously either allopurinol, STI, or verapamil at the desired dosage 2 h before irradiation. Animals receiving vehicle alone served as control. In each experiment at least four mice were used in each group. The dosage regimens were selected based on previous studies (14-16).
Irradiation procedure. Mice were irradiated for 2.5 h in individual cubicles of a Plexiglas cage at a light to target distance of 23 cm. The light source was a 5 kW metal halide lamp doped with zinc and cadmium oxides. Emission peaks were present in the range of 480 to 645 nm and there was no appreciable emission below 450 nm. Mice were irradiated beginning 6 h after injection of DHE, since preliminary studies indicate that maximum uptake ofthe drug in the skin occurs at this time interval ( 17) . Quantitation ofcutaneous photosensitivity. Cutaneous photosensitization was determined by measuring the degree of ear swelling that developed after irradiation compared with that before irradiation. Each ear was measured three times using a dial thickness gauge micrometer (Mitutoya Co., Tokyo, Japan) within 1 h of irradiation as described previously (18, 19) . These values were compared with the measured ear thickness before irradiation and the increment in ear thickness was determined by subtracting the ear thickness before irradiation from the ear thickness after irradiation.
Histopathology. Immediately after the measurement ofear swelling the mice were killed and their ears were excised and fixed in 10% buffered formalin. Hematoxylin and eosin preparations of processed sections were prepared for microscopic examination. Mast cell staining (Leder stain) was also carried out in selected animals.
Electron spin resonance (ESR) spectral measurements. The ESR spectra of DMPO-trapped radicals in skin homogenates were recorded on an X-band ESR spectrometer (model 112; Varian Associates, Inc., Palo Alto, CA) having cavity model TMl 10 in an aqueous quartz flat cell at room temperature. Homogenates from the dorsal skin of animals were prepared in 10 vol of 0.1 M phosphate buffer, pH 7.4, as described earlier (20) . The reaction mixture in a total vol of 0.5 ml contained 0.3 ml homogenate, 0.2 M DMPO in phosphate buffer (0.1 M), pH 7.4, and desired concentration ofSOD/catalase as described in Fig. 3 . The spectrometer conditions were: gain, 6.3 X I0; modulation amplitude, 5 G; microwave power, 20 mW; scan time, 4 min; modulation frequency, 100 kHz; field set, 3,360 G; scan range, 100 G; time constant, 0.25 s; and microwave frequency, 9.425 GHz.
Estimation of xanthine oxidase. Xanthine oxidase activity was measured by the method of Heinz and Reckel (21) in 10,000-g supernatant fractions of 10% skin homogenate. Briefly, the total reaction mixture (1.5 ml) in phosphate buffer (0.1 M), pH 7.4, containing 1 mM EDTA, 130 U catalase, 0.1 ml absolute ethanol, 500 ,ug NADP+, 2.5 U aldehyde dehydrogenase, 0.09 gmol xanthine, and 0.5 ml enzyme preparation. The change in OD was recorded for 5 min at 340 nm. The specific activity was calculated as described by Heinz and Reckel (2 1). Estimation ofxanthine and hypoxanthine on HPLC. Skin tissue samples (1 g) were homogenized in 6 ml perchloric acid (60 ml/liter) and centrifuged for 30 min at 3,500 g. The supernatant was added to an equal volume of tri-n-octylamine in freon (600 ml/liter) to remove perchlorate. After vortexing for 2 min, the solution was centrifuged and the upper layer was removed, concentrated, and redissolved in 0.2 ml of 0. I-M phosphate buffer, pH 7.4. Standard solutions were prepared at a concentration of 1 nmol/liter in KH2PO4, pH 4.8, and xanthine and hypoxanthine were separated and estimated by HPLC exactly as described by McBurney and Gibson (22) .
Results
Effect ofpretreatment with allopurinol on DHE-mediated cutaneous photosensitization. In a recent report we have demonstrated that treatment ofanimals with SOD mimic (a quencher of O ) before irradiation substantially reduced DHE-mediated skin photosensitization while p3-carotene (a quencher of 102) and DMSO (a scavenger of OH) were only moderately effective in this regard (12) . Furthermore, sodium diethyldithiocarbamate (an inhibitor of SOD) and hydroxylamine and 4aminotriazole (inhibitors of catalase) significantly potentiated the skin photosensitization response. Based on these observations we suggested that 02 is involved in DHE-mediated skin photosensitization (12) . In this study we further evaluated the involvement and source of generation of O0 in cutaneous porphyrin photosensitization. *0°may be generated by the transfer of an electron from an excited photosensitizer to oxygen (type I reaction). Other biochemical pathways such as that mediated by xanthine oxidase are potential alternate routes (23). We, therefore, evaluated the role of xanthine oxidase in the generation of *05 during DHE-mediated skin photosensitization. This enzyme is thought to be responsible for the *02mediated tissue injury occurring in ischemia followed by reperfusion and in various other diseases (24) . To assess the role of this enzyme in the generation of O5 we pretreated mice with allopurinol, a potent inhibitor of xanthine oxidase activity (25) . Our prior studies established that the murine ear swelling response is a reliable index of cutaneous porphyrin photosensitization (19) , and that the administration of DHE followed by irradiation with visible light resulted in a 217% increase in ear swelling, while irradiated or nonirradiated mice receiving vehicle alone showed no such response (12) . The data in Fig. 1 show that allopurinol had a dose-dependent inhibitory effect on cutaneous photosensitization and afforded nearly 90% protection at a dose level of 1 mM/kg body wt. Histologic sections from ears of mice treated with DHE with and without pretreatment of allopurinol were examined for the degree of edema, vascular ectasia, neutrophilic infiltrate, mast cell infiltrate, and mast cell degranulation. Comparison of sections from DHE-treated mice with untreated controls revealed that DHE caused considerable edema with marked increases in vascular ectasia, neutrophilic infiltrate, mast cell infiltrate, and mast cell degranulation. Most of these changes were significantly alleviated in mice pretreated with allopurinol ( Fig. 2) . ESR spectra of DMPO-trapped, oxygen-centered radicals from control, DHE-photosensitized, and allopurinol-treated, DHE-photosensitized skin. To support our hypothesis that 02 is produced through the activation of xanthine oxidase and that 0OH are produced from°02 via the Haber-Weiss and Fenton reactions, we used ESR spin trapping techniques to directly measure and characterize the oxygen radicals. DMPO is an extremely efficient spin trap for oxygen-centered radicals (26) . It was used in the present study to probe the generation of°O 2 and 0OH in DHE-mediated cutaneous photosensitization and also to clarify the role of xanthine oxidase in this process. As shown in Fig. 3 , no signal could be detected for any ofthese radicals in control nonphotosensitized skin (spectrum A), whereas the spectrum from DHE-treated skin (spectrum B) showed a number of signals consisting of two major components. One component with the coupling constants AN = 14.4 G and AH = 1 1.4 G was suggestive of DMPO-trapped O2 and the other component, a quartet (1:2:2:1) with the coupling constants AN = AH = 14.9 G was suggestive of DMPO-trapped OH (27) (28) (29) . The spectra were further resolved in the presence of SOD and catalase. The signals due to°2 disappeared in the presence of SOD (spectrum C), while the signals due to 0OH showed a diminishing trend in the presence of increasing concentrations of catalase (spectra D and E). However, no signal could be observed in spectra obtained from allopurinol-pretreated, DHE-photosensitized skin (spectrum F).
Effect ofDHE-mediated skin photosensitization on cutaneous xanthine oxidase activity. We next attempted to determine whether DHE-mediated skin photosensitization was associated with increased xanthine oxidase activity. As shown in Fig. 4 , the activity ofthis enzyme increased more than twofold in DHE-photosensitized skin, and in allopurinol-pretreated animals there was significant inhibition in this response.
Effect ofSTI and verapamil on DHE-mediated cutaneous photosensitization. Xanthine oxidase is normally present in tissues as xanthine dehydrogenase (30) . However, xanthine dehydrogenase is readily converted to xanthine oxidase in the presence of a calcium-dependent protease (31, 32) . Since photosensitizers are known to disrupt mitochondrial membranes, it is possible that an influx of Ca2" into the cytoplasm may activate the Ca2"-dependent protease, resulting in the activation of xanthine oxidase (31) . We, therefore, studied the effect of a protease inhibitor, STI (Fig. 5) , and a calcium channel blocker, verapamil (Fig. 6) , on DHE-mediated cutaneous photosensitization. Both of these agents diminished the DHE-mediated cutaneous photosensitization in a dose-dependent manner.
Discussion
The phototoxic action ofa photosensitizer requires its localization in tissues where it can absorb incident radiant energy. The hydrophobic components of HPD include DHE, which is known to localize within the membranous structures including those of the plasma membrane and subcellular organelles like mitochondria, the endoplasmic reticulum, and lysosomes (20, (33) (34) (35) (36) (37) . Membranes, therefore, appear to be the principal targets for the phototoxic action of porphyrins. Porphyrins absorb light in the visible spectrum and the excited photosensitizer transfers its absorbed energy to an oxygen molecule through a type I or type II reaction (36, 38, 39) .
The oxidative species that are produced through type I and/or type II reactions cause damage to various proteins within plasma membranes or subcellular organelles (20, 34, 35) . In PDT this damage may not be sufficient in itself to ablate an entire tumor mass or to result in protracted cutaneous photosensitization. However, damage to mitochondrial membranes may be a crucial step in this process for it may lead to a cascade of reactions that culminates in substantial tissue damage (40) . As observed in photosensitized tissues, damage to mitochondrial membrane proteins such as cytochrome c oxidase, Ca2+ ATPase, etc., and the uncoupling of oxidative phosphorylation and cellular respiration result in the degradation of high-energy phosphate compounds manifested by a decrease in ATP level and a concomitant increase in the level of inorganic phosphate (41, 42) . This may also be visualized in P3I NMR spectra of the photosensitized tissues which show a gradual time-dependent disappearance of the ATP phosphoric acid ester signal with a concomitant increase in the intensity of the inorganic phosphate signal (43) . It is also corroborated by the present observation of increased levels of hypoxanthine and xanthine in the skin of photosensitized mice (data not shown). Hypoxanthine and xanthine are generated by the stepwise catabolism of ATP to ADP, AMP, adenosine, and inosine as shown in Fig. 7 . Such a situation has also been observed in various ischemic diseases, where degradation of ATP leads to the accumulation of hypoxanthine and xanthine in ischemic tissues (31) . Disruption of mitochondrial calcium ATPase results in impaired pumping of calcium, thus causing an influx of calcium into the cytosol. Increased cytosolic calcium may be damaging in several ways. It may lead to vasocontriction, thus decreasing the blood supply within photosensitized tissue. The pretreatment of DHE-treated mice with verapamil, which is both a calcium channel blocker and a vasodilator, was found to partially protect against photosensitization, suggesting that cytosolic Ca2" may be involved in this photodynamic process. Similarly, an increase in Ca2" may lead to the activation of calcium-dependent proteases in the cytosol. These proteases convert xanthine dehydrogenase into xanthine oxidase. The conversion of xanthine dehydrogenase into xanthine oxidase has been demonstrated in various organs, including skin (44) . Furthermore, the protection against DHE-mediated cutaneous photosensitization afforded by the administration of STI, a protease inhibitor, further confirms the potential importance of calcium in photosensitizer-mediated tissue injury. STI has also been shown to protect against phorbol ester-mediated tumor promotion, which is believed to involve the activation of proteases as one step in the cascade of events (45) .
Xanthine dehydrogenase and xanthine oxidase are enzymes of the purine catabolic pathway. Xanthine dehydrogenase catalyzes the conversion of hypoxanthine into xanthine (24, 31) using NAD+ (hypoxanthine + NAD+ + H20 -O xanthine + NADH + H+). However, once this enzyme is (30) , oxygen is used (24) and *O2 is produced (hypoxanthine + 202 + H20 --xanthine + 220).
As described here, xanthine oxidase activity was elevated in DHE-photosensitized tissue, and cutaneous photosensitization was reduced by 90% in mice pretreated with allopurinol, an inhibitor of this enzyme. In addition, our previous study showed that porphyrin-mediated skin photosensitization was inhibited by SOD mimic, a scavenger of O, and was augmented by inhibitors of SOD and catalase (12) , suggesting that in photosensitized tissue xanthine dehydrogenase is converted to xanthine oxidase and elaborates O-, which, in turn, results in tissue damage. This conclusion is also strengthened by our data showing that *°2 and OH were present in the skin of DHE-photosensitized mice as revealed by ESR spectral measurement of DMPO adducts of these radicals. The DMPO-O2
adduct is known to be decomposed forming DMPO-OH adduct (27, 46) . Thus, the presence of a DMPO-OH signal does not necessarily imply the generation of OH in the system. However, in the present study, since a gradual disappearance of the DMPO-OH signal was observed by adding increasing concentrations of catalase, we suggest that these radicals are also produced during skin photosensitization from hydrogen peroxide, another dismutation product of *O (47). Further, the absence of any signal in the ESR spectrum of skin from allopurinol-treated animals suggests that the production of these radicals is mediated through the xanthine oxidase pathway.
Our data suggest that *°-is derived from xanthine oxidase activation and that this pathway plays an important role in evoking tissue injury during photosensitization. The chemical reactivity of *O is modest in comparison with that of other reactive oxygen metabolites derived from it (48) . *°2 has a very short half-life with a rate constant for dismutation of 2 X 105 M/s at pH 7.4 (48) . These anions are dismutated both enzymatically and nonenzymatically (23, 29) into H202 and 02 (2O0 + 2H+ --H202 + 02). *°and hydrogen peroxide can interact in the presence of certain transition metal ions, metal chelates, or heme proteins through the Haber-Weiss and Fenton reactions to yield OH (49, 50) as shown below: Proposed mechanism for porphyrin photosensitization in skin. Photosensitizer (P) localizes in cellular membranes. On exposure to light, the photosensitizer absorbs energy and is raised to an excited state (P*) which can transfer its energy to oxygen, thereby generating various reactive oxygen metabolites that damage mitochondrial membranes resulting in the catabolism of high-energy phosphates leading to increased formation of hypoxanthine/xanthine. In addition, it also leads to impaired pumping of calcium. The increase in cytosolic calcium may activate calcium-dependent protease which converts xanthine dehydrogenase into xanthine oxidase. Xanthine oxidase uses hypoxanthine/xanthine as substrates along with 02 and produces an effilux of O2 -These anions are converted to various other strong oxidants that exacerbate tissue injury. The compounds indicated by an arrow with a cross are quenchers or inhibitors that afford protection against the damage of the respective species. *°2-+ Fe+' 0 02 + Fe+2 H202 + Fe+2 -OH + OH-+ Fe+3 Previous studies from our laboratory have shown that the degradation of heme containing proteins, such as cytochrome P-450 and cytochrome c-reductase as well as heme itselfoccurs in the endoplasmic reticulum during porphyrin photosensitization (33, 34) . This would lead to the liberation of proteinbound iron that could then participate in the Fenton reactionmediated production of OH. Similarly, *O°can also autodismutate in an aqueous phase into singlet oxygen (5 1) as shown below:°2
The observation that scavengers of '02 and-OH afforded only partial protection against skin photosensitization while O72 scavenger was much more protective (12) suggests that singlet oxygen and OH may be produced secondary to the generation of O-2
In spite of the modest reactivity of Oper se, it is capable of inactivating enzymes including RNAases and glyceraldehyde 3-phosphate dehydrogenase (52) . However, the OH, '02, and other oxidants that can be generated from *°2 are much more destructive in biological systems (53) . The reaction rate of OH with most organic compounds approaches their diffusion limit, of the order of lo--10-10 M/s making them extremely reactive and short-lived (50, 53) . Because of high reactivity and low diffusion rates these radicals predominantly cause damage very close to and/or at their site of production. As observed by Hilf and his co-workers, the damage in DHEmediated photodestruction of mitochondria was confined to mitochondrial membranes, while absolutely no effects could be observed in the matrix (42, 43) . These results strengthen the concept that the cutaneous damage in porphyrin photosensitization is mediated mainly through oxygen radicals. Based on our results and on previous observations, a possible mechanism of tissue injury and cell death during skin photosensitization and tumor necrosis is proposed in Fig. 7 . As shown in the scheme, other strong oxidants like hypochlorous acid, 102, OH, and hydrogen peroxide may be generated by *0O via various enzyme-and nonenzyme-catalyzed pathways. Besides the pivotal role of PO in tissue photosensitization, these oxidants may also play an important role in exacerbating tissue injury.
In conclusion our data suggest that *O is involved in DHE-mediated cutaneous photosensitization and that it can be generated through the Ca-dependent activation of xanthine oxidase. The generation of OH, '02, and other strong oxidants may occur secondary to *02 formation and may play additive roles in mediating tissue injury. It is also tempting to suggest that similar mechanisms may be operative for DHE-mediated tumor necrosis. These results may have direct implications for the development of newer drugs for PDT and may suggest new directions in the search for drugs that can suppress porphyrin photosensitization.
